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ORIGINAL ARTICLE


Exposure Estimates for Workers in a Facility Expanding
Libby Vermiculite


Updated Values and Comparison With Original 1980 Values


Eric K. Borton, MS, Grace K. LeMasters, PhD, Timothy J. Hilbert, MS, James E. Lockey, MD, MS,
Kari K. Dunning, PhD, and Carol H. Rice, PhD


Objective: Low cumulative fiber exposure (CFE) has been associated with
health effects in a cohort exposed to Libby vermiculite. This study refines the
original 1980 exposure estimates and compares the CFE results. Methods:
Cumulative fiber exposure estimates were developed using three times more
industrial hygiene measurements and long-term workers’ input. New adjust-
ments included vermiculite ore source, seasonal overtime hours, time spent
in various tasks, and recollection of historical dustiness. Results: The overall
mean (95% confidence interval) CFE (n = 513) in 1980 (0.80 [0.69 to 0.93])
was statistically similar to the overall mean (95% confidence interval) CFE
in 2010 (0.74 [0.61 to 0.90]). The mean CFE in the lowest exposure category
(<2 fiber-years/cm3) decreased from 0.36 to 0.22 fiber-years/cm3 (P < 0.05).
The 2010 CFE estimate extended the upper bound of the range of previous
estimates from 28.10 to 106.31 fiber-years/cm3. Conclusions: The range of
CFE values was expanded. These estimates may impact the understanding of
Libby vermiculite health outcomes.


V ermiculite ore is a naturally occurring, micaceous-like mineral
found in Montana, South Carolina, Virginia, South Africa, and


other locations.1–3 In commercial and residential applications, ver-
miculite can expand up to 12 times its original size when heated.1–3


The majority of vermiculite ores expanded since the late 1950s have
been used in concrete aggregate, fertilizer carrier, insulation, build-
ing plaster, and horticulture.1–3 In the United States, there are cur-
rently 17 vermiculite-expanding plants and three operating mines
(Woodruff, South Carolina; Louisa County, Virginia; and Enoree,
South Carolina).3 In studies of vermiculite ore ready for expansion,
a sample from Libby, Montana, contained up to 26% asbestiform
minerals; vermiculite ore from Enoree, South Carolina; Palabora,
South Africa; and Louisa County, Virginia, contained less than 1%
asbestiform minerals.4–6


In 1980, the University of Cincinnati investigated 12 cases
of bloody pleural effusions at an Ohio lawn care product manu-
facturing company whose workers expanded and processed Libby
vermiculite ore in making soil additives for lawn fertilizer and
for use as a pesticide and herbicide carrier.7,8 Work histo-
ries and industrial hygiene measurements were used to esti-
mate cumulative fiber exposure (CFE). Pleural or parenchymal
changes, or both excluding costophrenic angle blunting alone
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were seen on chest radiographs of 11 of 501 workers (2.2%).
A trend between CFE and these radiographic changes was noted
(P < 0.09).7,8 In 2004, a follow-up study of the same cohort, Rohs
et al9 examined 280 workers for radiographic changes 24 years after
Libby vermiculite usage ended in 1980.8 Chest radiograph changes
were found in 82 workers (29.3%): 74 pleural only, 2 interstitial
only, and 6 both pleural and interstitial.9 Most important, 32 workers
(11.4%) had pleural changes at CFE less than 2.2 fiber-years/cm3


(f-yr/cm3) based on the exposure estimates established in the 1980
study by Lockey et al.8,9 A significant exposure–response trend for
pleural changes was found, with prevalence in exposure quartiles in-
creasing from 7.1% to 54.3% with increasing exposure (P < 0.01).


In 2009, additional exposure data and information about ver-
miculite sources were identified, and a third follow-up was initiated
with the aims to estimate exposures for the years 1957 to 2000, cal-
culate CFE for the years 1957 to 2000, and compare the original
(1980) and newly developed (2010) CFE values in addition to col-
lecting updated health data. This report includes the details of the
vermiculite exposure reconstruction as a companion article to the
mortality manuscript.10


METHODS


Plant Description
The company began using vermiculite in 1957. Raw vermi-


culite was delivered in railcars by track and unloaded for storage
before being fed to an expander furnace. The expanded vermiculite
was separated from other material in a cyclone before being dried,
crushed, and sized by screening. The expanded material was mixed
with additives to treat lawns to improve turf or bagged for use as a
soil additive. Other departments at the facility besides track and ex-
pander included plant maintenance, central maintenance, polyform,
pilot plant, packaging, warehouse, research and development, and
front office. These departments were divided into two groups. One
group was referred to as “expander” (track and expanding), where
workers had exposure to unexpanded vermiculite ore or the expand-
ing process, whereas the second group was referred to as “other,”
where workers were exposed to only expanded vermiculite and no
vermiculite processing. Most departments were in operation from
1957 to 2000. Polyform start-up was in 1969. In 1983, central main-
tenance became a contract service, and exposure was not estimated
for contractors.


QUALITATIVE DATA


Document Review
Company reports provided by the US Environmental Pro-


tection Agency (EPA) in early 2009 contained fiber measure-
ment results, plant production, and vermiculite source information.
Archived University of Cincinnati documents stored since 1980 at
the Department of Environmental Health contained fiber measure-
ment results, engineering and process descriptions, vermiculite ore
source and tonnage data, and work organization information used
for the 1980 study. Approved court discovery material released by
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the US Department of Justice from legal proceedings regarding the
Libby, Montana, vermiculite mining company WR Grace in August
2009 provided workplace fiber measurement results and produc-
tion information from the Ohio lawn care product manufacturing
facility. Approximately 3150 pages of documents were assembled,
more than 70% of which was unavailable during the 1980 study.7,8


After review of all documents, a total of 1489 pages were categorized
by document source and numerically marked for tracking purposes.
These documents were retained for further in-depth review and data
abstraction for qualitative and quantitative information.


Job and Processes Review
Written reports, letters, memos, and notes were reviewed. De-


scriptive details to associate tasks or jobs with departments included
identification of work areas, physical plant layout, and work pro-
cesses. Process controls information was of interest to understand
potential changes in exposure.11 The information was recorded and
reviewed to identify similar jobs and departments as well as pro-
cess or exposure control changes. A time line of the work processes
and engineering controls facilitated tracking of plant changes over
time. This qualitative review was also used to identify areas needing
clarification.


Focus Groups
Two focus groups were conducted in 2010 to elucidate


work organization, plant layout, work processes, engineering con-
trol changes, job rotation patterns, time spent in work locations
and on lunch and breaks, overtime work by department and season,
and exposure control through administrative or personal protective
equipment programs. Fifty recruitment letters and informed con-
sents were mailed after approval from the University of Cincinnati
institutional review board. Focus group eligibility required produc-
tion work before 1972 when fiber measurements were unavailable.
Sixteen workers (32%) responded, and 14 attended one of the two
focus groups. The groups included workers who had experience in
one or more departments. They represented departments including
expander (n = 11), plant maintenance (n = 1), central maintenance
(n = 1), polyform (n = 2), pilot plant (n = 1), packaging (n = 4),
warehouse (n = 1), and research and development (n = 2). Workers
in the expander department worked an average of 6.2 years prior
to 1972. Visual aids included time lines to denote relative exposure
levels, layout of buildings, and images of respirator types.12–14


QUANTITATIVE DATA


Data Entry, Quality Control, and Standardization
Quantitative data abstraction from air sampling reports in-


cluded results of measurements of airborne dust and fiber, sample
location, date, time, volume, and limit of detection (LOD) or limit of
quantification (LOQ). All data were manually double entered; qual-
ity control procedures included nonmatching data field alerts and a
random 10% comparison with the hardcopy source. Data standard-
ization included identifying duplicate record entry from duplicate
documents, merging records for the same sample or measurement,
and categorizing groups of data based on sample or measurement
type. A comparison of personal and area samples by year and de-
partment showed the range and means to be approximately equal and
were merged for exposure estimate development.


Exposure Measurements
Beginning in 1972, collection of samples to determine worker


exposure to fibers was done by industrial hygiene personnel holding
the sampling train and “following the worker” or by placing it at
a stationary location. Personal sampling was initiated in 1976 by
using a pump and filter cassette worn by the worker. These samples
were analyzed using phase-contrast microscopy, and the results were


expressed as fibers per cubic centimeter (f/cm3).15,16 The chemical
or crystal structure of elongated particles was not identified in this
method; therefore, the type of fiber was unknown.


The 914 fiber measurement results included 589 results ob-
tained from the EPA and Department of Justice documents to sup-
plement the 325 used for the original exposure estimation, providing
nearly three times the number of samples compared with previous
reports. Table 1 shows the number of samples by year for expander
and other departments. More than 80% of the fiber measurement
results were related to the expander area and the remainder to other
departments.


Fiber Exposure Estimation
Exposure estimation was conducted in several steps on the


basis of the data sources. Sampling results from 1972 through 1994
provided airborne concentrations. The 1972 exposure estimates were
then adjusted on the basis of qualitative information to estimate
exposures during the earlier years when no exposures were measured.
Finally, exposure estimates were adjusted to reflect ore source and
seasonal overtime work. Estimates were calculated separately for
expander and other department workers who spent crossover time in
the expander and other departments.


Exposure Estimates: 1972–2000
All samples (n = 35, 3.8%) below the LOD or LOQ within


the same department-year were assigned the median of the LOD
or LOQ values for the department-year divided by 2. The median
was used as a reasonable estimate of the central tendency for small
sample numbers in log normally distributed data. Because of small
numbers in the LOD or LOQ individual department-year categories,
it is unlikely any bias was introduced.17 A comparison of personal
and area samples by year and department showed the means and
ranges to be approximately equal and were merged for exposure
estimate development.


Natural log transformation of the fiber measurement results
were plotted over time for each job and evaluated for distribution.
Similar distributions of the natural log-transformed fiber measure-
ment results allowed estimates to be obtained for the expander pro-
duction jobs using the following three steps: (1) calculating the
natural log-transformed mean for any year with 40 or more sample
results, (2) fitting a curve through the mean values of the natural
log-transformed data with 40 or more sample results, and (3) ex-
ponentiating the value on the curve for each year. Expander track
estimates were obtained by (1) plotting the natural log of measure-
ment results for each of the two track tasks, (2) fitting a linear line
through the mean values of the natural log-transformed sample re-
sults, and (3) exponentiating the value on the linear fit line for each
year.


Expander Department
Expander department work included rotation through several


production jobs (screen/mill, dryer 1, dryer 2, expander, blender,
resin, cleanup, and feeder) and track. Equal time was spent at each
of the nine jobs in the department, based on the Lockey thesis8 and
confirmed by the focus group participants.


A plot of the combined production jobs within the expander
department from 1972 to 1979, with a visually fitted curve connect-
ing yearly means with at least 40 exposure measurements (1973,
1976, and 1978) provided stable averages (Fig. 1). From this curve,
an annual exposure estimate was determined by exponentiation of
the value on the curve for each year. The mean of all natural log-
transformed measurements from 1980 to 1994 was exponentiated
and used as the mean exposure estimate for each year from 1980 to
2000.


Yearly sample measurements for the track job were shown to
be higher than the expander production jobs and were considered
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TABLE 1. Number of Fiber Measurement Results by Department and Year


Department 1972 1973 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1993 1994
Total


(Department %)


Expander 9 40 20 115 68 183 26 23 38 24 8 27 14 52 33 31 3 29 743 (81.3)


Other* 3 0 2 0 10 54 2 0 12 7 3 11 5 23 13 16 0 10 171 (18.7)


Total (year %) 12 40 22 115 78 237 28 23 50 31 11 38 19 75 46 47 3 39 914


(1.3) (4.4) (2.4) (12.6) (8.5) (25.9) (3.1) (2.5) (5.5) (3.4) (1.2) (4.2) (2.1) (8.2) (5.0) (5.1) (0.3) (4.3) (100)


*Other includes plant maintenance, central maintenance, polyform, pilot plant, packaging, warehouse, research and development, and front office.


FIGURE 1. Fitted curve and means of expander department measurements (exclusive of track). Unadjusted for vermiculite
source.


separately. The track job included the separate tasks of opening the
railcar doors to unload the raw vermiculite (track unload) and the
task of moving railcars and monitoring material discharge (track
other). Log-transformed fiber measurement results for track unload
and track other were each plotted by year, and a linear best fit line
was drawn for each using the best fit line function in Microsoft
Excel version 2007 (Microsoft Corp., Redmond, WA). An exposure
estimate was determined for each of these tasks by exponentiating
the value on the line for each year. A weighted average exposure
from these two tasks was based on focus group reports that 25%
and 75% of the time was spent doing track unload versus track other
activities, respectively.


The expander exposure estimate was derived by allocating
an equal amount of time spent in each of the production jobs and
track. Thus, the expander exposure estimate was composed of 89%
expander production exposure and 11% track exposure.


Other Department
Departments categorized as representing other exposure in-


cluded plant maintenance, central maintenance, polyform, pilot
plant, packaging, warehouse, research and development, and front
office. In a divergence from the exposure estimates of Lockey et
al,7,8 the pilot plant was assigned to other because both focus groups
reported the use of only expanded vermiculite in that area. Plots
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of the measurement results in these individual departments were
similar and consequently combined. Lockey assigned 82% of plant
maintenance time to the expander department and 12% to nonex-
pander areas; central maintenance was assigned 25% and 75% in the
expander and other departments, respectively.8 Focus group partici-
pants reported that plant maintenance personnel worked 50% in the
expander department and 50% in other areas and those in central
maintenance worked 10% expander and 90% other.


Exposure Estimates: 1957–1971
No fiber measurement results were available for the years


1957 through 1971. Therefore, exposure estimates for these years
were derived from the 1972 and later measurements and supported
by qualitative information regarding workplace conditions during
these earlier years. Supporting information included (1) company
documentation and focus group consensus of increasing use of engi-
neering controls beginning in 1968 to gradually reduce airborne par-
ticulate, (2) vermiculite ore source from company shipment records,
and (3) focus group participant consensus that relative dust expo-
sures were “at least two times higher” in the 1960s than in the early
1970s. A conservative gradual, retrospective doubling adjustment
from 1972 to 1967 was applied for the dustier historical conditions
to the expander production job estimates (excludes track). Exposure
estimates were then extended backward from 1967 to 1957 (Fig. 1).


Additional Adjustment Factors in the New 2010
Estimates


Vermiculite Ore Source
The company began processing vermiculite ore from Enoree,


South Carolina, in 1957; Libby, Montana, in 1959; Palabora, South
Africa, in 1970; and Louisa County, Virginia, in 1979, per shipping
records and company documents. Vermiculite ore from each of the
sources used by the facility contains asbestiform minerals.4–6,18,19


Libby vermiculite ore contains winchite, richterite, and tremolite.6,19


Libby vermiculite ore ready for expansion contains up to 26% as-
bestiform minerals; Enoree, Palabora, and Louisa County ore con-
tained less than 1% asbestiform minerals.4–6 Elongated particles that
became airborne from these ore sources would have been counted as
fibers.16


A comparison was made of airborne fiber levels at the plant
site when only 100% Libby or 100% Enoree vermiculite ore was
being unloaded from railcars or used in the expander process. A
fiber count ratio of 10:1 was found (Libby to Enoree samples) on the
basis of track unload and expander samples in 1977 and 1978 (30
Libby and 24 Enoree). Focus group participants reported that 100%
Enoree ore was used from 1957 to 1959. Per company records,
this changed increasingly to 32% Libby vermiculite from 1959 to
1963, 57% in 1964, 73% in 1965, 92% in 1966, and 93% in 1972.
Libby vermiculite usage ended in 1980 according to shipping records
from the EPA and a report by the Agency for Toxic Substances
and Disease Registry.20 Vermiculite ore after 1980 was procured
from African, Virginia, and South Carolina sources per company
documents and focus group information. Thus, as a refinement from
previous publications,7–9 a relationship between the proportion of
Libby and Enoree vermiculite airborne fibers was used to adjust the
estimate of exposure.


Seasonal Changes in Work Activities and Hours
Work duration varied by season, a factor not accommodated


previously.7–9 The major production time was the spring when sub-
stantial overtime hours were worked. During the summer, activities
such as housekeeping and maintenance tasks often replaced time in
expander production. These factors were considered in determin-
ing exposure estimates by season for each department. Also, during
the usual workday, approximately 30 minutes for lunch and two 15-


minute breaks during the day resulted in a daily “other” hour of
exposure for all employees.


Expander, plant maintenance, polyform, packaging, and ware-
house workers worked 12-hour shifts every day from January 1 to
May 31 (spring), 8-hour shifts for 5 days per week from June 1
to August 31 (summer), and 12-hour shifts for 5 days and 8-hour
shifts for 2 days per week from September 1 to December 31 (fall).
Expander and polyform personnel worked some extra hours out-
side their own department. When working 12-hour shifts, expander
workers reportedly spent about 75% of these hours in expander and
25% in polyform. Similarly, polyform workers were estimated to
spend 75% of time in polyform and 25% in expander. Plant main-
tenance, packaging, and warehouse workers generally stayed within
their department location during 12-hour shifts.


During the summer, polyform workers did outside jobs be-
cause the heat and humidity shut down the polyform process. No
adjustment was made for summer polyform shutdown because ex-
posure in both areas was at other area levels. Central maintenance,
pilot plant, research and development, and front office were not as-
signed overtime work. Six groups were created by season: expander,
plant maintenance, central maintenance, polyform, other with over-
time (packaging, warehouse), and other without overtime (pilot plant,
research and development, and front office).


Respirators and Secondary Exposure
Focus group participants reported very sporadic usage of res-


pirators due to heat and discomfort. Paper masks were preferred and
often reused. Therefore, no adjustments to the exposure estimates
were made for respirator usage.


Work coveralls were routinely worn and laundered on-site
after each work shift. “Street clothes” were stored during the work
shift in locker rooms separated from the production area. Paid work
time was used to shower at the facility after each production shift.
Secondary vermiculite exposure from work clothes after leaving the
plant site was reported to be essentially nonexistent. Therefore, hours
of fiber exposure were calculated only while at the facility.


To match work history information with the seasonal adjust-
ment, the date of any job change within a season was standardized
to begin at the starting month for the nearest season. Cumulative
fiber exposure was calculated by summing over all jobs the product
of the year-specific seasonally adjusted department exposure times
the duration (years) of exposure obtained from the work histories
collected by personal interviews.7,8 These cumulative exposure es-
timates calculated in 2010 were compared with the original 1980
estimates.


Statistical Analysis
Frequency distributions of 1980 and 2010 CFE estimates were


tested for normality and visually assessed for symmetry. The data for
1980 and 2010 were log-transformed (base e) to achieve symmetry
and approximate normality. Overall differences between the mean
estimates of 1980 and 2010 CFE distributions were evaluated by an
unpaired t test.


To further evaluate differences between CFE estimates, four
CFE categories (f-yr/cm3) with statistically different means were
established using the 2010 CFE estimates.21 The category cutoff
points were 2, 8, and 32 f-yr/cm3, respectively. Each of the 1980
CFE estimates was assigned to one of the four categories. Under
the assumption that the center of distributions of CFE estimates in
each category was approximated by the mean of the CFE estimates,
differences were evaluated between the means of 1980 and 2010
estimates in each category. A value of P < 0.05 indicated statistical
significance. Statistical analyses were conducted using SAS PROC
TTEST and MIXED (SAS for Windows version 9.2, SAS, Inc.,
Cary, NC).
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RESULTS


Exposure Estimation


Vermiculite Ore Source and Historical Dust Levels
Department exposure estimates adjusted for dustier historical


conditions before 1972, vermiculite ore source from 1957 to 1971,
and seasonal overtime work are presented in Table 2. The introduc-
tion of Libby vermiculite in 1959 resulted in increases in the yearly
exposure estimates. For example, the estimates increase from 1.08
f/cm3 in 1958 to 4.19 f/cm3 in 1959 for expander workers. The high-
est estimates for expander (10.01 f/cm3), plant maintenance (5.41
f/cm3), and central maintenance (0.61 f/cm3) workers are shown in
1966. In the following years, exposures are estimated to decrease
through the late 1970s after which exposures remain subsequently
unchanged.


Seasonal Overtime Adjustment
Adjusting the exposure for overtime hours resulted in esti-


mates for the fall, summer, and spring seasons for the workers in
expander, plant maintenance, central maintenance, and other with
overtime groups. In addition, polyform workers accumulated 25%
of the overtime hours due to expander activities in the spring and
fall beginning in 1969. Polyform worker exposures consistently de-
clined after the process was introduced in 1969 and remained stable
from 1979 forward in parallel with the expander department. A sepa-
rate calculation was done for departments that did not work overtime
hours (pilot plant, research and development, and front office). Other


with overtime exposure estimates were approximately two to three
times higher than in departments without overtime, but both were be-
low 0.1 f/cm3. The highest seasonal exposure was during the spring,
followed by the fall, and was lowest in the summer. The highest
seasonal levels occurred during the spring from 1965 to 1968 in the
expander department.


Exposure Estimate Comparison: Original (1980) and
New (2010)


Lockey et al8 reported modifications in vermiculite expanders,
dust collection equipment, and process operations from the late
1960s to 1972 that substantially reduced fiber exposures after 1973.
Therefore, original 1980 departments were assigned an exposure
estimate before and during 1973 and after 1973.7,8


Table 3 shows a contrast between the original 1980 exposure
estimates from 1957 to 1980 and the yearly 2010 exposure estimates
adjusted for overtime for four departments and other with overtime
and other without overtime. The 2010 estimates for expander, plant
maintenance, and polyform worker exposures adjusted for vermi-
culite ore source, historical dust levels, and seasonal overtime fac-
tors resulted in overall higher estimates than the pre-1974 expander
exposure estimates of Lockey et al (Table 3). The 2010 central main-
tenance worker exposures were lower than the 1980 estimates in 15
of the 24 years from 1957 to 1980. Packaging and warehouse worker
exposures were lower before and during 1973 when assigned to the
other with overtime group. The assignment of pilot plant work to the
other without overtime group resulted in substantially lower 2010


TABLE 2. Yearly 2010 Exposure Estimates Adjusted for Pre-1972 Historical Conditions, Vermiculite Ore Source, and
Seasonal Overtime Work*


Year Expander Plant Maintenance Central Maintenance Polyform Other-With-Overtime† Other-Without-Overtime‡


1957 1.08 0.59 0.07 0.03 0.01


1958 1.08 0.59 0.07 0.03 0.01


1959 4.19 2.26 0.25 0.02 0.01


1960 4.19 2.26 0.25 0.02 0.01


1961 4.19 2.26 0.25 0.02 0.01


1962 4.19 2.26 0.25 0.02 0.01


1963 4.19 2.26 0.25 0.02 0.01


1964 6.61 3.57 0.40 0.04 0.01


1965 8.17 4.41 0.50 0.05 0.02


1966 10.01 5.41 0.61 0.06 0.02


1967 9.53 5.15 0.58 0.05 0.02


1968 8.21 4.44 0.50 0.05 0.02


1969 7.82 4.23 0.48 0.63 0.05 0.02


1970 7.30 3.95 0.45 0.59 0.05 0.02


1971 6.40 3.46 0.40 0.53 0.06 0.02


1972 5.45 2.95 0.34 0.45 0.06 0.02


1973 4.46 2.42 0.28 0.38 0.06 0.02


1974 3.66 1.99 0.23 0.32 0.06 0.02


1975 3.00 1.63 0.19 0.26 0.06 0.02


1976 2.07 1.13 0.14 0.19 0.06 0.02


1977 0.23 0.15 0.03 0.05 0.06 0.02


1978 0.13 0.09 0.03 0.04 0.06 0.02


1979 0.12 0.07 0.02 0.03 0.03 0.01


1980–1983 0.10 0.06 0.01 0.02 0.03 0.01


1984–2000 0.08 0.05 0.02 0.03 0.01


*Estimates (fiber/cm3) are based on geometric statistics.
†Other-with-overtime applies to packaging and warehouse.
‡Other-without-overtime applies to pilot plant, research and development, and front office.
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exposure estimates. Exposure estimates for research and develop-
ment and front office workers were essentially unchanged.


Cumulative Fiber Exposure
Work histories combined with the 2010 exposure estimates


allowed for the calculation of CFE for all 513 workers in the original
cohort. As shown in Table 4, the 1980 and 2010 overall mean (95%
confidence interval [CI]) for all 513 CFE estimates were very similar
at 0.8 (0.69 to 0.93) and 0.74 (0.61 to 0.90) f-yr/cm3, respectively. The
mean (95% CI) for the original 1980 and new 2010 CFE estimates by
categories <2, ≥2 to 8, ≥8 to 32, and ≥32 f-yr/cm3 are also shown
in Table 4. No value was available for 1980 in the ≥32 category
because the highest CFE was 28.1 f-yr/cm3. About 71% of both the
2010 and 1980 CFE estimates were in the <2 f-yr/cm3 category. In
this category, the CFE mean in 2010 was significantly (P < 0.05)
lower (0.22 f-yr/cm3) than in 1980 (0.36 f-yr/cm3). In the ≥2 to 8
and ≥8 to 32 categories, however, the 2010 CFE means were higher
by a difference of 0.51 (P < 0.05) and 0.81 (P = 0.18) f-yr/cm3,
respectively.


DISCUSSION
The combined use of additional sampling data, focus group


input and reports regarding ore source, overtime and work sched-
ules, and an interdisciplinary team enhanced our ability to more
fully determine the new exposure estimates. In previous studies of
the Ohio cohort, there were no adjustments for ore source, seasonal
overtime, and lunch or break hours.7–9 The 1980 exposure estimates
were based on a 365-day work year because of considerable overtime
variability.8 The study of Rohs et al in 2004 created CFE quartiles
from the Lockey exposure estimates and used employment dura-
tions beginning from 1963 to 1980 based on an Agency for Toxic
Substances and Disease Registry report of Libby vermiculite use at
the company. Therefore, the 2004 study might have underestimated
CFE estimates by excluding work histories from 1957 to 1963, which
were accounted for in this analysis.


The 2010 CFE estimates are based on exposure estimates
that incorporated substantially more fiber measurement results plus
company documentation and focus group reports to adjust for vermi-
culite ore sources, historical dustier conditions before measurement
data availability, and seasonal overtime work hours. These factors
allowed examination of exposure intensity over time for the jobs in
the expander and other departments from 1972 to 1994. No results
of bulk sample (quality control) analysis of incoming vermiculite
ore shipments were available to evaluate variability of fiber con-
tent over time. Focus group reports from workers hired before 1972
working in all departments, except front office, were used to fill gaps
in the information obtained from the company documents. Expert
judgment from an industrial hygienist involved with the focus group
and familiar with retrospective exposure reconstruction likely fur-
ther minimized misclassification of exposure data.22 All decisions
throughout the exposure estimate update process incorporated the
newly available quantitative data, qualitative data, or both.


Estimates were made from fiber counts that did not identify
mineral or nonmineral characteristics. All elongated particles with
an aspect ratio of 3:1 and length greater than 5 μm identified by
a microscopist using standard methods were counted.15,16 Avail-
ability of exposure measurement results during 100% Libby and
100% Enoree ore use, as shown on sampling data forms, allowed
fiber count comparisons to calculate ratios. This ore source adjust-
ment contributed to calculation of more precise 2010 fiber levels
than by the 1980 study. When Libby vermiculite ore was introduced
in 1959 and comprised approximately 32% of the incoming ore,
the time-weighted and overtime-adjusted exposures increased to 4.2
f/cm3 compared with 1.1 f/cm3 when 100% Enoree vermiculite was
used in 1958. In 1966, when the highest percentage (92%) of Libby
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vermiculite ore was used, the procedures reported here resulted in
the highest expander exposure estimate, 10.01 f/cm3. Fiber levels
after discontinuing use of Libby vermiculite during 1980 were the
lowest estimated values.


Focus group participants were particularly helpful with pro-
viding perceptions of dustiness levels before 1972 because both focus
groups independently reported historical exposures “at least twice
as high” in the 1960s compared with the early 1970s. Therefore, a
conservative gradual, retrospective increase to the expander expo-
sure estimates by a factor of 2 from 1972 to 1967 may underestimate
the pre-1972 expander fiber levels. This adjustment ended in 1967
because records and reports documented installation of engineering
controls such as dust collectors and ventilation beginning in 1968.
Reported sporadic use, and reuse, of paper respirators was reported
by both groups and supported the decision to not reduce exposure
based on a protection factor.


Adjustment for seasonal work schedules had a substantial im-
pact compared with estimates unadjusted for overtime work hours
(data not shown). Fall and spring overtime adjustments increased
exposure estimates for workers with expander hours. In the 1980
work, the polyform department was assigned an estimate similar
to working outside (0.05 f/cm3); the 25% expander overtime work
during the fall and spring for the polyform department increased
the 2010 exposure estimates by at least 0.45 f/cm3 in 1969 to 1972
(Table 3). Department work durations were standardized by adjust-
ing job histories by season instead of by month. This approach was
considered acceptable because of the inherent lack of precision in
self-reported work histories, low frequency of department changes
for cohort members, and the stability offered by the long tenure of
an average 9.9 years in a department. Cumulative fiber exposure
categories (≤2, ≥2 to 8, ≥8 to 32, ≥32 f-yr/cm3) were selected on
the basis of guidance regarding category selection when data are
log normally distributed.21 The exposure estimates were calculated
using geometric statistics based on the distribution of available mea-
surements and no a priori hypothesis regarding the underlying form
of any exposure–response relation.23 The means of each group were
statistically different (P < 0.05). The mean of the ≥2 to 8 f-yr/cm3


category is about 4 f/cm3, or an average of 0.1 f/cm3 for a 40-year
working lifetime; this is approximately equal to the current OSHA
permissible exposure limit of 0.1 f/cm3.24


Work in other with overtime (packaging, warehouse) and other
without overtime (pilot plant, research and development, and front
office) generally had lower 2010 CFE values because these workers
did not go to the expander department, did not work seasonal over-
time, or both. Overall, central maintenance workers generally had
lower 2010 CFE values. Ten percent of central maintenance time
was spent in the expander department, so CFE values were higher
in 1966 and 1967 when expander estimates were the highest. The
absence of an operation to expand vermiculite in the pilot plant (per
focus group information) resulted in reassigning the pilot plant to
the other without overtime group and reduced exposure estimates
for these workers from 1980 values by a yearly difference of 1.24
f/cm3 before and during 1973 and 0.19 f/cm3 after 1973.


The 2010 exposure estimates resulted in workers in the lowest
CFE category (0 to 2.0 f-yr/cm3) having a significantly (P < 0.5)
lower CFE mean (95% CI) of 0.22 (0.19 to 0.26) f-yr/cm3 than the
1980 value of 0.36 (0.32 to 0.41). The upper bound of the range
of exposure estimates was extended from 28.1 f-yr/cm3 (1980) to
106.3 f-yr/cm3 (2010). These changes in the distribution of CFE
values may be important when analyzing health outcome data.


CONCLUSIONS
Exposure estimates using the newly available data and focus


group input were used in the exposure–response analyses in the com-
panion article.10 The 2010 estimates establish a wider range of expo-
sure than previously reported and include exposure during overtime


activities. The evidence of lower fiber levels when using non-Libby
vermiculite indicates the utility of knowing the ore source as an im-
portant factor for workers, families, and communities evaluating ex-
posure to vermiculite ore from expander plants.25–28 Previous studies
have shown an association between Libby vermiculite ore exposure
and pleural and interstitial changes, lung cancer, and mesothelioma in
vermiculite workers.7,9,29–33 Cumulative fiber exposure values in the
studies of Lockey et al and Rohs et al were the lowest compared with
other studies.31,32,34 After using additional new fiber measurement
data and adjusting for ore source, focus group relative perception
of dustiness in the early years, and seasonal overtime work assign-
ments, more than 70% of the 2010 CFE estimates were below 4.0
f-yr/cm3 or 0.1 f/c3 over a 40-year work lifetime for airborne fibers
greater than 5 μm in length. The companion article uses these new
estimates and provides an improved characterization of mortality in
relation to cumulative fiber exposure.10
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